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SuMMhRY ..L

A methodrecentlydevelopedfordeterminingthesteadyflowof a
nonviscouscompressiblefluidalonga relativestreamsurfaceextending
fromhubto casingbetweentwoadjacentblades“ina turbomachineis
appliedto investigatethethroughflowof airinan experimental
mixed-flowimpellerofhighsolidity.Theshapeof thestreamsurface
istakentob~ thesameasthatofthemeancambersurfaceof theblade “
whichconsistsofallradialelements.The~rinci~alequationgovern-
ingtliethroughflowis solvedby therelaxationmethodwiththeuseof

--

fourth-degreedifferentiationformulasforunequallyspacedgridpoints
causedby thevaryinghuhandcasingwallradii. .—

A detailedszialysisismadeofbothincompressibleandcompressible.
flowthroughtheimpeller,andcontourplotsofthestreamfunction,
velocitycomponents,totalenthalpy,staticpressure,andMachnumber

4 arepresentedanddiscussed.Thetrendsofflowvariationsinthe
impellerfortheincompressible‘hndcompressiblesolutionsarequite
similar. Thetrendinthevariationof staticpressurealongthecasing
obtainedinthecompressiblesolutioncoqmresverywellwiththee~eri- .1--:
mentaldataobtainedunderthesameoperatingconditiori.

mODUCTION

Theaxial-dischargemixed-flowcompressorpossessesthetheoreti-
calpotentialityof u opthnumconibinationofhighyressureratio,
highspecific@ss flow,flatoperatingcharacteristics,lightweight,
compactness,anddurability.b conjunctionwiththeexperimental
investigationofthist~e of coqressorundertakenat theIWCALewis
laboratory,a m+hod capableofanalyzingaccuratelythenonviscous
compressiblethroughflow(reference1)wasdevelopedandappliedto
thetheoreticalflowintheeqerimentalimpellershowninfigure1.
A briefaccountof a compressiblesolutionobtainedby,thismethodis ‘“
giveninreference2.

.

.
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A briefdescriptionof
consideringthemeanstream
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themethodofemalysisispresentedherein
surfaceapproachadvancedinreferences2

and3,andboththeincompressibleandcompressiblesolutionsaregiven
indetail.Theusefulnessoftheincompressiblesolution(whichis
obtainablemuchmorequicklythanthecompressiblesolution)isevalua-
tedandtheavailablee~erimental.dataofpressurevariationalongthe
casingarecomparedwiththetheoreticalsolutionobtainedwithout-and
withanapproximatecorrectionfortheeffectofbladethickness.(For
a moreaccuratecorrectionfortheeffectofbladethicknessonthe

--

throughflowandfora completethree-dimensionalflowanalysis,the
methodgiveninreference3 canbe used.)
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Thefollowlng

velocityof

SYMBOLS

symbolsareused.inthisreport:

sound

bla,dethicknessfactor

differentiationcoefficientsineqtition(12)usedtomultiply
functionvalueat pointxj to givemthderivativeat xi

J,K,N

M

n

P

basedonnthdegreepolynomial-

12
totalenthalpyperunitmass,h +~V

staticenthalpyperunitmass

h+ ~W2-~u2r2=H-u(Vur)

functionof r and z (eq~tion(1.1))

Kch number

unit vectornormaltomeanstrewnsurface

bladepitchor spacing
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P staticpressure ,-.—-*-

r,cp,zcylindricalcoordinatesrektiveto impeller -.
.
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.
s meanstreamsurface

# s entropyperunitmassofair

T temperature

t time

uKo
Cn v.

w

velocity

absolute

veloclty

r ratioof

3

. ,.—

ofblade,m

velocityofair

ofairrelativeto @eller

specificheatsof air,1.4

P densityof gas

T bladethichess

* streamfunction

—

-.

incircumferentialdirection

definedon streamsurface

. u

Subscripts:
.

c casing

e exit

h hub

i inlet

r~ujz radial,

velocityof impeller

.__——

,

circumferential,aidaxialcomponents,respectively

T total,orstagnation,state

t tip

Superscript:

* dtiensionless

.

~

quantity
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.

METHODOFAIUILYSIS

EquationsGoverningFlowonMeanStrewnSurface

A generalideaoftheaver%eairflow.t~o@ thetied-flow
impellerisbestobtainedbydeterminingth&flowfromhubto casing
alongthemeanstreamsurface,whichcircumferentiallydividesthemass
flowinthechannelformedbytwoadjacentbladesintotwoequl por-
tions(fig.1). Becausetheimpellerhasveryhighsoliditybladesj
foran approximatesolutionthismeanstreamsurfacemaybe assumedto
havethesameshapeasthatofthemeancambersurfaceoftheblade.
Withtheshapeofthesurfaceknoti,theangularcoordinateofthesur-
face cpisthen,ingeneral,a givenfmctionof thetwqothercylin-.
dricalcoordinatesr and z. However,asusualinmixed-flowand
radial-flowimpellers,themeancambersurfaceofthebladeconsistsof
allradialelements,a fact-whichrendersQ a functionof z only.
If

v =f(z)

and

(using‘thesamenotationas inreference3),then

and

Wu~ + Wznz= O

(1)

——.—
-- g
ul

.-

. .

— -.
,..-

(2) “--

.
-.

(3) =—

-—

(4)

Thesefourequationsgivethespecial.propertiesforthis.typeofflow
surface.Theturningfunctiongl togetherwiththehubandc=ing

shapecompletelydefinestheimpeller. ...—-.

Becausethe.elementsoftheflowsurfacearesllradial,the–— ---,
useof cylindricalcoordinatesresultsin considerablesiqlification
inthedeterithationoftheflowalongthesurface.Withthe‘Wade

—.

~+“
forceltintheradialdirectionequalto zero,thetwoothercomponents

.

neednotbe evaluatedduringthecalculation,andthesolutionofthe
problemis-obtainedbysolvingthefollowingdifferentialeq=tionina “.
streamfunction~,whichisdefinedonthe streamsurface(seerefer-
ence3):
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in

(5)

conjunctionwiththerelationbetweendensityand ~-derivatives
.

{--

-L —. ..

1+0~
[ 1()

‘T
w&+a&@ .1+(n31)2~rA=” az

Hi
e‘TJi-s(6) “

PT,i 2(rBp)2Hi

In theprecedingequations,r and z arethetwoindependent
variablesandtheboldderivativesignreferstothedifferentiation
followingthestreamsurface.Thestreamfunction$ on thestream
surfaceisrelatedto themeridionalveloaitycomponentsof theair
flowingalongthestresnsurfaceby thefollowingegpations:

-—

.

15!Lwr=-—Y rBpaz

1 a$Wz=——
rBpar

Inequations(5)to (8),B isactuallyrelated
variationoftheairvelocitiesandtheshapeofthe

(7)

(8)

totheangulsx ..
streamsurfaceby

(9)

inwhichtheintegrationisperformedale% a stre~ine. ~ refer-
ence3,B isalsoshowntobeproportionaltotheamgularthickness “p--:
of a stresmfilsmentwhosemeansurfaceisthestreamsurfacecon-

.

sideredherein.In general,B canbe determinedby themethodgiven
inreference30 At thestsrtofthepresentinvestigation,however,

. thismethodwasunavailableand B
basedon B = 1 becomesexactwhen
thicknessofthebladeto thepitch.
solutionas anapproximatesolution

wastakentobe 1. Thesolution
theratioof circuderential --
approacheszero”.b USiIlgthis .;n.;
forthickblades,theeffectof “-
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bladethicknessshould
erence4..indicatethat
widthratio (P-T)/P.
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.
be-proyglycorrected.(Resultsobtainedinre~- . ...._
thisfactorB isc~oselyrelatedto thechannel
Inasmuchas thechannelwidthratiodecreases -“‘

toward1 alongthe’radiusintheimpeller,it isexpectedthat..the
stresail.inesfortheactualbladewouldeverywhereriseabovethose ?$-
obtainedwith B = 1“)

Inthesolutionof.eqyation(5),thevtiiationsof I and s are
determinedlythevaluesattheinlettot&’bladeandthefactthat ~
and s remainconstantalongthestreeml.ine_foradiabaticsteadyrela-
tiveflow-ofa nonviscous.fluid;TheyaluEHareconsideredtobe radi--
allyuniformat theinletiothebladeinthepresentsolution,andc&-
sequentlyareuniformeverywhere.Thecomputationof densityaccording
to equation(6)isgreatlysimplifiedby theuseofthegeneraldensity.
tablegiveninreference3. For-thesimplifiedcaseof’incoqressible”
flow,eq.mtion(5)is solvedusinga constantvalueof density.

Equation(5)istheprincipalequationtobe solvedfortheregion
offlowwherethe“functiongl isknownfromthebladeshape.
Upstreamanddownstreamofthe@peller,gl isnotknownandtherefore
eqyation(5)isreplacedby thefollowingeqpation(references1 to3):

..

. .. . .. ..—
—

. . -..-—.-

.- —
—

. —...
.—-

V.—. ———.

.

[

(rBp)2‘u~(vur~ aI as1——-=+ T== OaJf r ar
ax

(lo)

inwhichtheradialvariationsof Vur aredeterminedfromitsvalue
farupstreamoftheimpeller(eq.zalto zerointhepresentcase)and
attheexitoftheimpeller,re.sqectively,andfrofitheconditionthat

.

itremainsconstantalonga stresnlineintheabsenceofbladeaction
orof a circumferentialprei3suregradient..~Inthepresentsolution,

.“ —=:—
theradialderivativeof Vur is zeroupstreamof the@eller andis ““~~
noteaualto zerodownstreamoftheimoel.ler. —

A.

Equation(5)or (10)

J

MethodofSolution

isfirstWritten..ma cogmonform
.

— =.

%N”~+K~+~= (U) ‘-‘-=
ar2 aZ2
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.
Thederivativesin equation(U) arethenapproximatedby an appro-
priatefinite-differenceexpression.Inthepresentanalysis,a grid

. sizeonthemeridionalplaneas showninfigure2 is chosen,and
fourth-degreepolynomialrepresentationisused. Thefinite-difference
formofeqpation(U.)atgridyoint i (fig.2) is

4

D( )2
4 2Bi#

J2Bi+K1Bi @+ =N
j=o 43 4J k=04j

where Wj and @ denotethevaluesof 1

(12)

——v on thesurfacecorrespon-
dingto”thegrid-pointsalongconstant-zand-rlines,respectively,on
themeridionalplane.Inordertofitthegridpointsonthehuband
casingwallsatbothendsoftheimpeller,itisnecesssrytousetwo
gridsizesinthe r direction(0.3544intheinletportionand0.2650
intheexitportion).At thefimethisinvestigationwasbegun,the
tablesof differentiationcoefficientsforunequalgridsizegivenin ._..
reference5 wereimavailable,andthedifferentiationcoefficientswere
computedfromtheformulagiveninthatreference.

Inthepresentanalysis,thesystemoffinite-differenceequa-
. tion(12)coveringtheentiredomainis solvedby therelaxationmethod

ofSouthwell(reference6)withthemodificationdescribedinrefer-
ence5. BecauseN intheequationis dependenton theunlmown~,

● thesolutionmustbe improvedthroughsuccessivecorrections.Suffi-
cientlyaccurateresultsareobtainedhereinby makingonlythree
cyclesof calculation.Fora quickerandmoreaccurateanswerand
especiallyforinvestigationswheremanysimilarcasesaretobe
analyzed,it isdesirableto employthematrixmethodoranothermethod
onhigh-speeddigitalmachines(references5 and7). Detailedstepsof
thematrixmethodof solutionaregiveninreference7.

Inthepresentcalculations,allquantitiessrerendereddimension-
lessasfollows:

rr* = z w;z*=— * P *;P =— ;w =— ;H* H
rt,i rt,i Pt,i %,i %,i2

RESL%CTSANDDISCUSSION

IncompressibleSolution
m

Theincompressiblesolutionwasfirstobtainedforuseas the
& startingvalueofthecompressiblesolutionandforevaluatingtheuse-

fulnessoftheincompressiblesolutionforthistypeofcomyressor.

, -.
..-

—

.

.—
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?rescrlbedconditions.-
computedfromthemeancaniber
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Thevariation.ofgl or d~ldz directly .

surfaceoftheexperimentalbladeis
showninfigure3. Itismmothedoutslightlyandcorrectedatthe
exitfora slipfactorof0.95,whichisusedintheoriginaldesign.

Thevalueof gl attheleadingedgeofthebladeis -0.287.The
incompressiblesolutionisthereforegoodwhentheinletMachnuniberis
lowandwhen

Vz? =V%i= 1

%,i 0.287rt,i
= 0.625

..
.*

.-

.—

. .-:
-,

or

0= 0“.287Vz,i

Theresultsobtainedh theincompressible.golutionexepresentedin
figures4 to 9. Overlaysofithecontourplotsforthecoqressible“’
solutiondiscussedlaterareattachedandtiybe usedforcomp~isc)n
withthecontouxplotsfortheincompressiblesolution.

Streamlines.- Figure4 showsthestreamlinesfor10eqyaldivi-
sionsof themassflow.Thepositionofthestreamlinesis seentobe
mainlydeterminedby theshapesof-thehuhan&casing.Withrespect
to theirgeometricalrelationattheinlet,theyarefirstraisedby
thepositivecurvatureof thehubwallandthenloweredby thenega-
IAve curvature ofthecasingwafi.’(Inthisrespect,itwouldbe
interestingto comparethestresm.iltiesinfig.4 withthestreamliries
obtainedfor gl equalto zeroeverywhere,thatis,an axiallysymmet-
ricflowintheannuluswithno tangentialvelocity.)

Variationofvelocitycomporients.- Infigure5(a),contoursof
constantvaltiesof Vz,i aresuperposedon-thestreamlines.Because
oftherelativeshiftinthestreamlinementionedinthepreceding,
paragraphandthegeneraldecreaseinchannelarea,theaxialvelocity
oftheairabovethe0.3strea&Lineincreases”intheinducersection,
decreasesfrom z = 1.1in~hesto z s 3.0inches,andthenincreases
towardtheexitjwhereastheaxialvelocityoftheairbelowthe
0.3streamlinedecreasesintheinducersectionandincreasesfrom
thereon. Theairenterswitha uniformaxialvelocityratioof0.625
andleaveswitha radial.profiledecreasingfrom1.11atithehubto
0.91atthecasing.

Thevariationsofradialvelocityshowninfigure5(b)resulted
froma directcombinationof theslopesofthestreamlinesandthevar-
iationinaxialvelocity.Themaxinmmvalueofradialvelocityratio

.

--- -

.— .=

..—

.

.-.-,,
-. ..-..--:, -. -——,d...- .—

..

—

.

.
-. —

—-.

m

—--—.
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.
isequalto 0.66alongthehubwallata short
thepointofmaximumslope.Itthendecreases

-1 towardtheexit.

9

distancedownstreamof
rapidlyalongthehub

~ Thevariationofrelativetangentialvelocityintheimpelleris
showninfigureS(c).At theleadingedgeoftheblade,thevelocity

% variesalmostIinesrl.ywiththeradiusbecausetheelementsofthe
stresmsurfacesreau radialandtheaxialvelocityonthesurfaceis
nesrlyconstant.Thissbrpleradialpatternisgraduallydistortedby
thevariationsinaxialvelocity.At thetrailingedgeoftheblade,
therelativetangentialvelocityisnearlyzero.

Thevariationofthemagnitudeofresultantrelativevelocityis
showninfigure5(d).At theleadingedge,it increaseswiththeradius
becauseoftheincreasein itstangentialcomponent.Towardtheexit
wherethetangentialcomponentisverysmall,itsvariationis similsr
tothatoftheaxialcomponent.Betweenthetwoends,itsvariationis
a conibinationof thevariationsofthetwocomponents.

BetweentheO andthe0.4streamlines,themagnitudeoftheresul-
tantrelativevelocitydecreasesintheinducersectionandthen
increasestowardtheexit.Betweenthe0.5andthe1.0streamlines,it

. fluctuatesalongthestreamline.Thevariationofvelocityalongthe
casingandthehubis shownseparatelyinfigure6. Thislocalriseof
velocityalongthecasingaroundz = 1.2inchesappsrentl.yiscaused

. by theearlierriseofhubradiusthancasingradtus.

Variationoftotalenthalpy.- Thegreaterchangeintangential
velocityatthetip(fig.5(cJ)overcomesthegreaterriseinradiusat

.-—

thehubandresultsina positiveradialgradientof totalenthalpywith
increasingmagnitudefromtheinletto z = 5 inches(fig.7). How-
ever,theextraturningatthelowerradiibetweenz = 5 inchesand
z = 6 inchescausesthetotalenthalpytohavea negativeradialgradi-
entleavingtheImpeller.Thisovercompensationintotalenthalpyis
duetothetriangulartrailingportionoftheblade,whichwasdesigned
fora differentinletflow.Forthisoperatingcondition,a radially
constanttotalenthalpywouldbe obtaineddownstreamoftheimpellerif
thebladeterminatesat,forexample,the1.4constanttotalenthalpy
line.

Vsxiationof staticmressure.- Thefactthat I remainsconstant
alonga streamlineforadiabaticsteadyrelativeflowofa nonviscous
fluidgives,forincompressibleflow,

——.
——
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constant
is zero,
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.
alonga streamline.At theinlettotheblade,becauseVur
thisexpressionisequalto Hi. Hence ,.

or

“t)i

Inthisform,thestaticpressurecanbe computedforanyinlet
values(withintherangeofapplicabilityof incompressibleflow)of
Hi)P,andthebladespeed.Constantvaluesofthisgeneralizedpres-
sureparametersreshowninfigure8. Belowthe0.4streamline,the
staticpressureofairrisesalongitsstresqd-inewhen

—
z< 2 inches

anddecreaseswhen z >2 inches.Abovethe0.5streamlines,thestatic
pressureatfirstrises,dropstoa minhnumat z ~ 1 inch,andrises
againtoa maximumnesr z = 4.5inches.me variationofpressure .

alongthecasingandhubis separatelyshowninfigure9. Fora local
riseofvelocityalongthecasingat z -1.2inches,thereisa corres-
pondinglocaldropof staticpressure.Thislocaldropof staticpres-

P

sureisundesirableinthatit-givesa highrateof increaseinthemain
portionoftheimpellerforthesameover-allriseinpressureacross
theimpeller,anditmaybe thecauseoftherelativelylowefficiency
obtainedintheeqerimentaltestsofthis@peller.

Downstreamoftheimpeller,thepressureparameterhasa positive
radialgadient(from-0.1654to 0.31atcasing).

CompressibleSolution

Mach
Prescribedconditions.- Inthecompressiblesolution,am inlet
nuniberof0.45ischosen,whichgivesa maximumrelativeMachnum-

berintheimpellerofabout0.8atthetipof
flowthroughouttheimpelleris subsonic.For

theleadingedge.The
thisinletMachnumber,

()~P~ i
= 0.9055

Hi

%,i2

.
= 4.997
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.
Theequivalentimpellertipspeedat,theexitis 987feetper

second.Thefirstapproximatesolutionoftheconqmessiblecasegives
-.

3 streamlineshavingoscillatorymotionof lsxgemagnitudeneartheleading
edgeoftheimpeller,whichmaybe.causedby thesuddenimpositionofthe
0.287valueof gl at theleadingedgeof thefmpeller.N Thevariation

g of gl isthereforesmoothedandextendedupstreamaccordingto thevar-
iationofturningalonga meanstreamlineobtainedinreference4 (see
fig.18ofreference4). Thismodificationis showninfigure3.

As evidencedintheincompressiblesolution;overturningofthe
.-

atimayresultatthehubofthetrailingedgebecausetheinletflow
usedinthissolutionisdifferentfromthatoftheoriginaldesign;it
thereforeseemsbesttoremovethetriangularsectionatthetrailing
edgeandto determinetheflowwitha radialtrailingedgeendingat
z = 5.5inches.Theresultingradialgradientintotalenthalpythere
willindicatehowtheextraturningshouldbe added.Themeridional
sectionofthemodifiedhyellerusedinthissolutionis showninfig-
ure10.

Streamlines.- Figure10alsoshowsthestreamlinesobtainedinthe
finalcompressiblesolution.Ingeneral,theylieabovetheincoqres-
sibleones,as reqgiredbythedensitytermintheprincipalequation(5).
or (10).

Variationofvelocitycomponents.- Thecontourplotsof thevelo-
citycomponents,theresultantvelocity,andthevelocityatthewalls
(figs.l.1and12)areseentobe of sha~essimilsrtotheincompres-
sibleones.Theirmagnitudes,however,aregenerallylowerthanthe
incompressibleonesandthedifferenceincreasestowardtheexit.This
lowervalueofthevelocityisa combinedresultoftheradiallyout-
wsrdshiftof streamlinepositionandtheincreasein densityinthe
impellertowardtheexit.

.

Variationof totalenthalpy.- Thecontoursoftotalenthalpy
(fig.13)againaresimilartothoseobtainedintheincompressiblesolu-
tion.Thevaluesarehigherthanthosefortheincompressibleones,
becausea lowervalueof Wu givesa largerchangeoftheangularmomen-
tumoftheairfromitsinletvalueatanypointintheimpeller.

Variationof staticpressure.- Forcompressibleflow,theratioof
staticpressureto inlettotalpressureisdirectlyobtainedby raising
thecorrespondingdensityratiotothe1.4power.Theshapeofthecon-
toursshowninfigure14 is similartothatshowninfigure8 forthe
incompressiblecase.Thereisagaina localdropofpressurealongthe.
casingnear z = 1.1inches(fig.15)duetothelocalriseinvelocity.
Thislocaldropinpressurecanbe avoidedbyincreasingthecasing
radiusaroundthatlocation.
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VariationofMachnumber.- ThecontoursofrelativeMachnumberin
theimpellerareshowninfigure16. Thec~vesareseentobe simiw
tothoseoftheresultantvelocity.FortheinletabsoluteMachnumber
of 0.45,themaximumrelativeMachnumberwasfoundtobe equalto 0.805
at thetipradiusat theleadingedgeoftheblade.Theexitrelative
Machnumbervariesfrom0.70to 0.50fromhubtotip,correspondingto
an absoluteMachnumbervaryingfrom1.0to0.95.

Usefulnessof’IncompressibleSolution

Thestiilaritybetweentheflowvariationsobtainedforincompres-
sibleandcompressibleflowmakesthequicklyobtainableincompressible
solutionvaluableingivinga goodqualitativepictureforthecompres-
siblecase.

COMPARISONOFTM?IORETICALANDEXPERIMENTALVARIATION

OFSTATICPRESSUREALONGCASINGWALL

Duringtheexperimentalinvestigationof themixed-flowcompressor,
thestaticpressurealongthecasingwasobtainedfortheoriginalimpel-
lerrunningatthespeedandinletconditionusedinthetheoreticalcom-
pressiblesolution(withoutthemodificationofan impellerattheexit
asusedinthiscalculation).Thevariationofpressureobtainedfor
twomassflowsbridgingthemassflowofthetheoreticalsolutionis shown
infigure17. Thetheoreticalvariationobtainedwiththeassumption
that B iseqml to1 everywhereisalsoshowninthefigure.The
trendsofvariationofthetworesultsis seentobe quitesimilar,and
thetheoreticalvalueisseentobe higherthanthee~erimentalvalue
forthesamemassflow. Thisdifferenceinmagnitudeisduepartlyto
theapproximationthat B isequalto 1 everywhere.Actually,the
valueof B shouldincreasefromhubto casinginaccordancewiththe
practicallyuniformbladethicknessandthedirectlyincreasingcircum-
ferentialspacing.A moreaccuratesolution_ofthepresentproblem
wouldrequireat leastthreeblade-to-bladesolutionsofflowalongt~ee
streamfilsmentsofrevolutionfromhubto casing(reference3). Forthe
present,onlyan approximatecorrectionofthevariationin B istaken
atthecasingasfollows: {

It isassumedthatthevaluesof ~~/~r and ~~/3z determined
with B equalto 1 everywherearetheseineasthoseobtainedwithan
accuratevariationof B, andthat B isequalto (P-T)/P.Theresult
isalsoshowninfigure17.

.

—

-—

.

-.

*
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Thisapproximatethicknesscorrectionreducesthestaticpressure
atthecasinglessthanit shouldbecause,as showninfigure18,
actually~~/~r islessfor B = 1 everywherethanfora solutionin
whicha correctvariationin B is included,forwitha correctvari-
ationin B thestreamlinewouldshifttowardthecasing.Thisshift
resultsina lesserincreasein W snd hencea lesserdropin static
pressuretowardtheexactvalue.Anotherpartofthedifferencebetween
thetheoreticalandexperimentalvaluesisattributedtotheneglectof
viscouseffectsinthetheoreticalsolution..

CONC!LUDINGREMARKS

Theresultsobtainedinthepresentanalysisindicatethatthegen-
eralmethoddevelopedforthesolutionofthroughflowinturbomachines
offersa usefultoolforanalyzingthemeanflowthroughthemixed-flow
impeller,andthatthegeneraltrendof conqressibleflowvariationscan
be determinedby an incompressiblesolution,whichismucheasierto
obtainthanthecompressiblesolution.

Thetrendinthevariationof staticpressurealongthecasing
agreeswellwiththeexperimentaldata.

--
Thelocaldropin staticpres-

< surealongthecasingattheendoftheinducersectionisattributed
tothereductioninthenormaldistanceofthestresmfilamentofrevo-
lutionatthecasing,whichis causedby therise

1 inducersection.Thislocalstatic-pressuredroy
increasingthecasingradiusnesrthelocationin

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,Jszmxry20,1952

IHE?IRENCES

ofhubradiusinthe
canbe avoidedby
qyestion.

-—.

1.Wu,Chung-Hua:A GeneralThrough-FlowTheoryofFluidFlowWithSub-
sonicorSupersonicVelocityinTurbomachinesofArbitraryHuband
CasingShapes.NACATN2302,1951.

2.Wu,Chung-Hua:A GeneralTheoryofThree-DimensionalFlowwithSub-
sonicandSupersonicVelocityinTurbomachinesHavingArbitrsryHub
andCasingShapes.PartII. PaperNo.50-A-79,presentedatthe
Ann.MeetingA.S.M.E.(NewYork),Nov.27-Dee.1, 1950.

*
3.Wu,Chung-Hua:A GeneralTheoryofThree-DimensionalFlowinSub-

sonicandSupersonicTurbomachinesofAxial-,Radial-,sndMixed-.
FlowTypes.NACATN2604,1952.

..—

—



24 RACATN 2749

4.Wu,Chung-Hua,andBrown,CurtisA.: A MethodofAnalysisforCom-
.

pressibleFlowPast–Arbltrery TurbomE-chineBladesOnGeneralSur-
faceofRevolution.NACATN 2407,1951. *

5.Wu,Chung-Hua: FormulaandTableofCoefficien%sforNumericalDif-
ferentiationwithFunctionValuesGivenatUnequallySpacedPoints
andApplicationtoSolutionofPartial”DifferentialEqpations.
NACATN2214,1950.

6.Southwell,R.V.: RelaxationMethodinTheoreticalPhysics. a
ClarendenPress(Oxford),1946. ~

7.Wu,Chung-fia:~trh andRelaxationSolutionsthatDete~ne Subsotic
ThroughFlowinanAxial-FlowGasTurbine.NACATN 2750,1952.



,

,

i

240.5

, *



P
m

(1:.)
7 - 6.960

6.695

+*+++++ 6.480

6 ii:. ) 6.165
+++++++ 5.900

‘5.585 ++++++ +

5+231++++++. .. +++++++ +++

;’+++++++++
4.522+ + + + + +

.

54 :“16e+t++++- -++++++
3.813+ + + + + + ++++++

J
. 3.459++++++ +++++++

:5 3.104++++++ ++++++
m
2

1 –

o I I I I I I 1 I I I 1 I I
-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9

Axial distance, z, in.
~

Plgure 2. - Merldiond section of impeller and tgid coordlnatea on meridional plane.

s

. , , ●

Cmz I



Anal dbtauoe,“z

=. 3. - -otlm sl(z).



-4 -2 -1 0 1

Hgm= 4. - MaxL610na.1.prodecticm

2 .5 4 5 6 7

Mal alatmm, z

ofBtxed.im=aobtained in imxmpsesaible eolutinn.

8

I
,,, . .

1. 7,

II -,, .11, . . I. il ,11) ‘ 1111 ‘l il’ II ii

!2

.



t ,
Z4CIS

,

Axtald3.i3tance,IT

(a) Axialc~t.

Figure5. - Msridiunalprojecticm or ccmatant velfxltg contars ~aea ml stxe.9ml.fne8for
lnccmp~mible soluklon. I-

W

1



.- .

k

j’
L!

:3 -2 -1

Fi@re 5. - WISUIHI.

o 1 2 3 4 5 6 7 8

Axial cilstance, z

(b) IMlal c~.

Muiaicmal projectionof’acmstautvelocityCcmtuna mP=Pmea on
Ertmed.inm far incmQm?flaible Eoltiion.

.
.

.!

I ‘1I
,

s!



, *
2405

. ,

9

8

7

6

5
h

$.

i 4

3

2

1

0
-s -2 -1 0 1 2 3 4 5 6 7 8

kx~” di*e, z

(0) !cEmgemtialcmpculeti.

Fe 5. - Conthnlec. Merldlaralprojection of constant velocity aontovra mqmrposed cm
s’tr051inua far incaupreesfbl.emll.ution.

1
I 1 11

I



.

$4

:3 -2 -1 0 1 2 s 4 5 6 7 8

M distance,z

(d)Re,ulta?ltI-elatiTevelocity.

Mgure 5. - Comikded. Witicmal projecticm & canstit Waaity ~+acura mperpad cm
6tlWdMms for hlxque5smle eolutim.

1
,, ,!

N
IN



NACATN2749 23

.

1

1

1

1

.3

.2

.1

Cqmng

.0 \

!
\

.9 \ /

.8
●

{

.7 /

.8 1

\

Eub

.5 \
/

/
yq=

.4
-2 -1 0

~
1 2 3 4 5 6

Axial distance,z

Figure6. - V.eriationofma@tudeofresultantrelatimvelocityelongc.eeingandhubwallsfor
incompressiblesolution.

—

.-

.—

.

.



klal aiatalae, z

Figure 7. - lkridiomal pmjmti~ of’cmrkcms & Cmlstant tatal.entawlpg SlgarpOsed m Stxeml.hea
f~ tim=w==sible s~til~.

,
‘!*” II Sovz , #



,,

Add. distance, z

FIEW-.3a. - MOri.dimA.projection aP ccmtaura of c-taut prekumre functicm wpezp=se~ m
Btme*ines for blcmlQreBsible Solaltion.

1; i’, ., :’
,, ,, i: ,,, 1. :., )!’,



N
m

.40

-%

..
.32:

., ,

/ {

\

.24
,. ,

{
Cas$lw~

.16 .“
>, ., ,,,.’ .“

{x, .

.0’9.“ ‘“ “ ‘“
.:. “ f - \’

/

/

\/ ‘ Hub

1
~ . “: / r

,.
:,-.,-i.... d:*L. .:’. . ., .> / I.. -‘b. \

. . ,.1, ?,. .. ‘“ ‘
\&

f

-.08 /

/

\

-..16

-y@$= “
-.2A

-4 -5 -2 -1 0 1

-’i%””’” 4 : 6 7 ‘



,
2405 .

N
-1

Jxial.distance, %

Figure 10.- Msrldiond projection of Areamllnes obtained in compressible wlution. (An overlay
of this fig. is enclosed. )

,,
,1
I

,11

‘i’, 1“

t ,.,

,,. ,.1, :,,+ii ,; ,

I



IixLd,diaiance, z

,’ (a) -liU c~?EiIV.

mgnl+ 11..- Wridbnd pr+@f6& :of cor.wtant, velocitycdkmre .9@erp9aedon 9&mmMne8 for
ccmpremiblesolution. (Anover~ of t,Msfig. is enclosed.)

N
m

!3

,



.

Rxkl (liBmnce , z

(b) Radialcomponent.

FiFJUW11..-‘Cantimed. M3ritlonal projections of constant veloci~ contoum supeqm=d on
streemlties for compressible solution. (An overl& of this fig. f. enclo6ed. )

:“’., “,!,’

N
m



,Axlalaistanca,z”

(c) Tangential component .

Fl&w+ il.:’
I

Contl.nne@. Meridional projecticas of constant mlocity contauxs v~sed” on

.,
I ~,:, .,1

m. (An overlay of tble fig. is encl.wxi. )

(.N
o



2405
, ,

.

kid ditimce, z

(d) Result=t r&ative velocity.

Figure 11.. Concluded. Mridional. projections of constant velocity contoom EU&rposed
StIW?djJES fOr COMp~ BSibk E40hIti0~. (An overlay of this fig. is erml.ossd \



32

.

1.2 . -.— .:

i
,

1.1

I .,
1.0 t ,-

Caaing
/ T —

.9

/

.8
.,

/

/

.7

\ .:

1

.6

\

.5

\
m

.4
\ .,

‘% ~ / *

1 _
.3

-2 -1 0 1 2 ...3 4 5 6
Axialdistance,z

--, “::

..-

.

..—

.?!,-
,,

.

.-. —,.

., .

. ..

-.

,

..—
—

Figure12.-Veriationofmegnltudeofresultent=elative‘velocity.elongce.singaudhubwallsfor”
-:L-,5

compressiblesolution.
.

, .

.



, .

.

Fignre13.- Ikridionalprojection of contoure of constant total enthel~ supe~rnd On streamlines
for compressible solution. (An overlay of this fig. is encloaxl.) ,

.

1, ,-,
.,,’ ,! ,,

,“, ,;

i.,,,’,,t+!il:~ ‘, ;“,ll’,,, 1,,. ~kj~:~”:. ~:
i,

,;, ,

:,
,,. :

N
4

%

.

C_Jl
CJ

,’



.-

25 -2 -1 0 1-2 3-”4 5 6

&lel MA8Dce, z

Fi@re 14..M?riaioml projectionof c0nt0ur6 of c0n6tant pressure mm.srmxed on
cumpre&ihl.Jsdl.ution. (An overlay of tl& fig. 1s ‘&c~~d. )

,,. .

.

streamlines for



, .

1

1

1

..5

~

.4 / y
/ \

.s. / /

.2
/

; camlmg
/ — \ /

* 1.1
/f

~ /1 I I l\l J1——+— I I I I I I I I ‘1 I I
g
L
0,
j 1.0
. i

1/ I /1
A

I

I ~

.9

.8
\ /

.7
-4 -s -2 -1 0 1. 2 3 4 5 6 7 0

Axial dlatance, z

Figure 15. - Variation‘ofstaticpremnu.e alcm.geasing and hub walls for ocmpressible aol;tiw.



:S -2 -1 0 1 2 “3 4 5 6’ 7 a
Add alatance, z

Fklwre 16. - -M9riditmdptijection al ccartoursof constant rel-ativeMack mmfmsr .mp5rposed oh
Ht=&&LMs rcm ~resslkle solution.



.

/ ~
-
- w,

Equlvtinnt y
Wr&ht flm
(lb/a..) L

17.68
f

1 / ,- \

/ “

I

/
/

\
/

/

y’rhemetloal.,Ed h y / \
Themwtloal, .ipprmlmata /

tmicknesacorreotim
—

(- \ \ A 16.e

/

/ ‘ 1

/ ‘/ ‘

II
18 /

/

(/

—

> \J
/

/ / y

I
/ 1 _ _ > L _ ‘_ _ . . . . . — . L —

L /

1
-* -3 -2 -1 0 1 2 3 4 5 e 7 8

Azlal dicltame,z

FMUIW 17. - QMP=iB~ Of the0@0ti081- exwtiwnt.al Varlatlm of Statiopl%SBIUWal~ CES1U4Swall fw ocmpreaalblesolutlon.
~, O,MJ ut,~fi 987 feet PO. m.xmd.



NACATN 2749

.—— — ——— ——— ———,

.

.

———

B =.1

,
-

rh
Radius,r“

.

. . .

.

.

Figure’18,- Radialvariationof stre~
andvariablebladethickness

function
factor.

withconstant

NACA-W@q -8-1-52-1000

-. ..._...—
.. . .:—:x

.L. —

.=_-

...

.



,’. ,

=

. . . . .

,,





.-1,



.,
1,

1’

i’ :11’~! ‘PI“ ~
[l’.

1 h I

I



.1’ .“’ :“.”” ““ . . “ ‘ ‘“”” I



lljl!~-”-” ‘1



,% :,’” ,“””””:’ , , ,,. ,, ,:- ‘“~.,.


